It has been demonstrated that, when exposed to UV radiation, levels of a-tocopherol, ascorbate, and glutathione in the skin are depleted.
6) It has also been reported that the activity of catalase and the levels of nonenzymic antioxidants decrease in photoaged and aged human skin. 7) Thus, the fortification of endogenous antioxidant defense mechanisms may offer a good strategy for the protection of skin against oxidative insults.
Fructose-1,6-diphosphate (FDP), a glycolytic metabolite, has been reported to have cytoprotective effects against ischemia and post-ischemic reperfusion injury in the brain and heart, presumably by augmenting anaerobic carbohydrate metabolism. [8] [9] [10] In addition, it has been demonstrated that FDP significantly inhibits generation of oxygen free radicals by stimulated neutrophils 11) and mitigates the adverse effects of endotoxins by regulating the generation of nitric oxide. 12) Recently, we showed that FDP reduced the UVB-induced increase in cellular ROS levels in HaCaT keratinocytes. 13) Although it did not show a direct radical scavenging effect, FDP preserved the antioxidant capacity, including CAT activity and GSH content, in irradiated keratinocytes, implicating its possible application for reducing UVB-induced skin disorders.
Since systemic delivery of antioxidants to the skin is generally inefficient, topical application would be advantageous if sufficient penetration is ensured. In this study, we have tested whether topically administered FDP could penetrate into the skin and attenuate UVB-induced oxidative stress in hairless mouse skin.
MATERIALS AND METHODS
Reagents Trypsin, glutathione, fructose 1,6-diphosphate, [ 14 C]-D-fructose 1,6-diphosphate tetra sodium, vitamin C, 5,5Ј-dithiobis-2-nitrobenzoic acid, 2,4-dinitrophenylhydrazine, xanthine, cytochrome c, glucose-6-phosphate, yeast glucose 6-phosphate dehydrogenase, glutathione reductase, xanthine oxidase were products of Sigma, St. Louis, U.S.A. Peroxidase-linked anti-mouse and anti-rabbit secondary antibodies were purchased from Amersham Bioscience Co., Piscataway, U.S.A. (catalog no: NA-934 and NA-931, respectively). Molecular weight marker and 10% resolving minigels were products of Invitrogen, Carlsbad, U.S.A. (catalog no: LC5925 and NP0302). All other chemicals were of analytical grade.
Animals Female albino hairless mice (Skh:hr-1), 6-8 weeks old, were obtained from Charles River Laboratories (Wilmington, MA, U.S.A.) and kept under standard conditions of temperature and light. All studies were conducted in accordance with the Principles of Laboratory Animal Care (NIH publication no. 92-93, revised in 1985), and the procedures with animals were reviewed and approved by the Animal Ethical Committee at Ajou University Medical Center.
Skin Permeability Assay Percutaneous absorption experiments were performed with Franz-type glass diffusion cells 14) as previously described. 15) Briefly, freshly excised hairless mouse skin was mounted in Franz-type diffusion cells and a [
14 C]-FDP solution (20 ml) was uniformly applied. The solution for topical application was prepared by adding 2 mCi of [ glycol. The diffusion cells were placed in a thermostat with a constant temperature of 37Ϯ1°C. The receptor compartments contained 0.05 M isotonic phosphate buffer solution (pH 7.4) and were stirred with small magnetic spin bars. Following application of the agent, aliquots (0.5 ml) of receptor chamber fluid were removed at regular intervals up to 24 h post-exposure, and the amount of radioactivity in each sample was measured using a liquid scintillation counter (Wallac 1409 DSA, Finland).
UVB Irradiation and Treatment UVB irradiation was performed as described previously. 16) Briefly, dorsal skin was exposed to UVB irradiation from four fluorescent lamps with short wavelengths (280-290 nm). The amount of UVB administered was assessed with a UV meter (IL1700 radiometer, International Light Co., Newburyport, MA, U.S.A.). UVB (100 mJ/cm 2 ) was administered once a day for 4 consecutive days, yielding a total dose of 400 mJ/cm 2 . FDP (1%) in 70% water and 30% propylene glycol was applied to the dorsal trunk for 3 d prior to irradiation and immediately after irradiation. The mice were divided into four groups: ϪUV/ϪFDP, non-irradiated animals treated with the vehicle alone; ϪUV/ϩFDP, non-irradiated animals treated with 1% FDP; ϩUV/ϪFDP, irradiated animals treated with the vehicle alone; ϩUV/ϩFDP, irradiated animals treated with 1% FDP. Each group was composed of 6 mice and biochemical studies were performed on each group at the termination of irradiation.
Preparation of Skin Samples Following UV irradiation, mice were sacrificed by cervical dislocation, the skin was removed immediately, and the adherent subcutis was eliminated. For biochemical analysis, the whole skin was homogenized in tissue buffer (0.1 mM EDTA, 50 mM potassium phosphate buffer, pH 7.0) and centrifuged at 8000ϫg for 20 min. For western blotting, the skin was incubated overnight in 0.025% trypsin-EDTA at 4°C. The epidermis and dermis were separated, homogenized, and centrifuged as described above. The supernatant was kept at Ϫ70°C and used for enzyme assays and protein determination.
Glutathione Measurement Total glutathione (GSH plus GSSG) in skin extracts was measured by the photometric determination of 5-thio-2-nitrobenzoate (TNB), formed from 5,5Ј-dithiobis-2-nitrobenzoic acid (DTNB), at 405 nm, according to Akerboom and Sies 17) with slight modifications. The assay mixture contained 18 mM Tris-HCl buffer (pH 7.4) with 0.47 mg/ml BSA, 0.007% Tween 20, 0.7 mM glucose 6-phosphate, 21.5 mM NADP, 1.4 U/ml yeast glucose 6-phosphate dehydrogenase, 0.61 mM DTNB, 0.26 U/ml glutathione reductase, and 25 ml of skin extract. GSH concentration was expressed as mmol/mg protein.
Superoxide Dismutase Activity Assay SOD activity was measured using the xanthine/xanthine oxidase and the cytochrome c reduction assay described by McCord and Fridovich.
18) The assay mixture contained 5 mmol xanthine in 0.001 N NaOH, 2 mmol cytochrome c in 50 mM phosphate buffer (pH 7.8), and 0.1 mM EDTA, 0.2 U xanthine oxidase in 0.1 mM EDTA and 20 ml of mouse skin extract. Changes in the optical density at 550 nm were spectrophotometrically monitored and SOD activity was expressed as units/mg protein. One unit of enzyme activity was defined as the amount of the enzyme that reduces 50% of the cytochrome c by the superoxide-induced xanthine/xanthine oxidase system under defined conditions. Catalase Activity Assay CAT activity was measured according to a modified method of Baudhuin et al. 19) The assay mixture contained 0.01 M phosphate buffer, pH 7.0, and 15 mM H 2 O 2 , in a final volume of 1 ml, with 50 mg of mouse skin protein extract. Changes in the optical density at 240 nm were spectrophotometrically monitored. CAT activity was expressed as units/mg protein. One unit of enzyme activity was defined as the amount of enzyme that reduces 1 mmol of H 2 O 2 per minute under defined conditions.
Western Blot Analysis Equal amounts of skin protein extracts (20 mg/lane) were subjected to 10% SDS-PAGE, and separated proteins were electrophoretically transferred to nitrocellulose membranes. Blots were blocked in Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat-dried milk. Incubations with primary rabbit anti-SOD antibodies (Sigma, St. Louis, MO, U.S.A., 1 : 500) or mouse anti-catalase antibodies (Sigma, St. Louis, MO, U.S.A., 1 : 2000) were performed overnight at 4°C in blocking buffer. The blots were further incubated for 1 h with horseradish peroxidase-conjugated secondary antibody (1 : 1000). The signals were visualized with an enhanced chemiluminescence kit (Amersham, Piscataway, NJ, U.S.A.).
Determination of Carbonylated Protein Protein carbonyls were detected as one of the markers for protein oxidation as described by Levine et al. 20) Briefly, protein carbonyl groups in skin extract were derivatized to 2,4-dinitrophenylhydrazone (DNP-hydrazone) by reaction with 2,4-dinitrophenylhydrazine (DNPH) in a solution containing 6% SDS/5 mM DNPH/5% trifluoroacetic acid for 15 min at room temperature. For in vitro protein oxidation reactions, mouse skin extracts were incubated with H 2 O 2 and FDP or vitamin C prior to derivatization. Following derivatization, the reaction mixtures were immediately neutralized using 2 M Tris base/30% glycerol/1 M b-mercaptoethanol. The samples were subjected to Western blot as described above except polyclonal rabbit anti-dinitrophenyl (DNP) antibody (Sigma, St. Louis, MO, U.S.A., 1 : 2000) as a primary antibody.
Statistical Analysis All experiments were performed at least three times and each assay was conducted in duplicate or triplicate. The results were expressed as meansϮS.D. Statistical analyses were performed using Student's t-test. A p value of Ͻ0.05 was considered statistically significant.
RESULTS

Topically Applied FDP Readily Penetrated the Skin
Prior to evaluating whether FDP could have protective roles in UV-irradiated skin, the absorption of [
14 C]-FDP into the epidermis and dermis was determined in vitro. 21, 22) The mean values in percentages of the applied [ 14 C]-FDP dose that diffused through the skin increased in a time-dependent manner ( Fig. 1) . At 24 h after FDP application, the amount of [ 14 C]-FDP that penetrated through the skin was 3.5Ϯ1.09% of the applied radioactivity.
FDP Preserved the Cellular Antioxidant Capacity after UVB Irradiation We studied the effect of multiple UVB exposures on oxidative stress in SKH-1 hairless mouse skin and the modulatory effect of FDP. For this purpose, antioxidative capacity in the skin was evaluated with GSH content, SOD activity and CAT activity after four UVB exposures.
The antioxidant activities after irradiation were expressed as the percentages of those in the non-irradiated (control) skin. It is established that UV exposure depletes the antioxidant defense capability of the skin at the UV-irradiated site. 23, 24) Our data demonstrated that multiple UVB exposures (100 mJ/cm 2 ) to mouse skin resulted in significant depletion of the GSH content (73.37Ϯ1.46%) and activities of SOD and CAT (80.45Ϯ29.04% and 63.28Ϯ1.46%, respectively, Fig. 2A) . However, the levels of the other antioxidant enzymes such as glucose 6-phosphate dehydrogenase (G6PDH), glutathione reductase (GR) and glutathione peroxidase (GPx), remained unchanged under our experimental conditions (data are not shown). Topical treatments with FDP significantly alleviated UVB-induced depletion of GSH (87.67Ϯ6.94%), SOD (87.56Ϯ6.93%) and CAT (158.94Ϯ 14.72%) in hairless mouse skin (Fig. 2A) . Interestingly, topical applications of FDP alone on mouse skin resulted in a slight increase in the GSH content (118Ϯ1.46%), CAT and SOD activities (118.24Ϯ6.3% and 124.6Ϯ15.1%, respectively, Fig. 2B ). FDP treatment did not elicit any significant change in the activities of G6PDH, GR and GPx irrespective of UVB irradiation, indicating that these do not contribute to the protective effects of FDP against UVB irradiation. Phosphorylated sugars, such as fructose 6 phosphate, fructose 1 phosphate and fructose 2,6 diphosphate did not show any significant effect on the cellular antioxidant capacity after UVB irradiation.
FDP Reversed the UVB-Induced Loss of Catalase Protein It was reported that UV-irradiation caused the decrease of CAT protein in mouse skin. 25) We also observed that multiple doses of UVB resulted in the reduction of CAT protein by 42% in comparison with control (non-UV exposed) animals. However, topical application of FDP significantly reversed the UV exposure-induced loss of CAT protein (57.9Ϯ18.4% and 147.6Ϯ25.1% of control, respectively). Interestingly, FDP increased the expression of CAT protein level even in the absence of UV irradiation (Fig. 3) . In contrast, the SOD protein levels remained unchanged by the treatment of FDP regardless of UV irradiation.
FDP Prevented Protein Oxidation after UVB Irradiation The oxidation of amino-acid residues, such as lysine, arginine, and proline leads to the formation of carbonyl derivatives that affect the nature and function of proteins.
26) The presence of carbonyl groups, which react with DNPH to form stable hydrazone derivatives, 27) is widely accepted as a marker of oxidative protein damage under conditions of oxidative stress. Usually the level of carbonyls in normal healthy human skin is low, but the level increases greatly after UV exposure. 28) In this study we also observed significantly increased levels of protein oxidation in skin, especially in the epidermis after repetitive UV exposure for 4 consecutive days (Fig. 4 ). There were strong bands around 55 kDa, which are thought to be keratins, major proteins in the epidermis. This inference is supported by a previous study for the oxidation of proteins in the stratum corneum (SC), which showed that keratins (keratin 1 is 65 kDa, keratin 10 is 54 and 57 kDa), major proteins in the human SC, were highly susceptible to carbonyl formation by oxidants and UV irradiation. 29) FDP treatment resulted in a marked reduction of protein carbonyl signals in both the epidermis and dermis (Fig. 4) .
FDP Could Not Prevent in Vitro Protein Oxidation by Hydrogen Peroxide H 2 O 2 , a ROS generated upon UV exposure, caused significant protein carbonylation in mouse skin extract in vitro (149% of control). In contrast to ascorbic acid, FDP could not prevent carbonyl formation in this system (Fig. 5) , indicating that the preservation of the antioxidant capacity of FDP might be separate from the direct radical scavenging effect. This result paralleled the previous report which found that attenuation of ROS accumulation after UV irradiation by FDP was not due to direct radical scavenging activity. 13) 
DISCUSSION
Ultraviolet radiation, especially in the UVB range (290-320 nm), accounts for most of the harmful biological effects of sun light on skin, including erythema, aging, and skin cancer. Previous studies have suggested that accumulated reactive oxygen species (ROS) play important roles in the aging of human skin and are responsible for various cutaneous inflammatory disorders and skin cancer. [1] [2] [3] Thus, it is well accepted that regulation of oxidative stress is crucial for the prevention of UVB-induced skin injury.
FDP has been reported to ameliorate inflammation and to have cyto-protective action against ischemia and postischaemic reperfusion injury in various tissues, presumably by augmenting anaerobic carbohydrate metabolism. [8] [9] [10] [11] Recent studies have suggested that FDP has a protective role in UVB-injured keratinocytes by attenuating PGE 2 production and COX-2 expression.
13) It also reduces the UVB-induced increase in cellular ROS and preserves the cellular antioxidant capacity after irradiation. 13) Because keratinocytes are major epidermal cells that can be injured directly by UV light, our interest was to test the potential application of FDP as a protective agent against UVB-induced skin damage.
The exogenous administration of an antioxidant is one possible approach to preventing oxidative damage induced by UV irradiation. Since systemic delivery of an antioxidant to target sites is inefficient, 30, 31) topical application could be beneficial if sufficient quantities of the substance penetrate the skin. Because FDP is a highly charged molecule at physiological pH, it is generally not expected to readily penetrate the skin. However, it has been demonstrated that FDP is capable of crossing artifical lipid bilayers in a dose-dependent fashion.
32) The present study also demonstrates that FDP is capable of penetrating skin in a time-dependent manner, implicating topical application of FDP might have a protective action against UV exposure.
In order to evaluate the antioxidative effect of FDP in vivo, we adopted multiple UVB irradiation exposures to induce oxidative stress in hairless mouse skin. With four consecutive doses of 100 mJ/cm 2 of UVB irradiation, we could induce oxidative stress in terms of antioxidant capacity and protein carbonylation without noticeable skin damages such as epidermal necrosis and sunburn cell formation. Among the enzymic antioxidants, CAT activity decreased significantly, and this paralleled with protein level under our experimental conditions. However, SOD was minimally affected by low dosemultiple UVB irradiation exposures. These data coincide well with previous studies that found UVB irradiation evoked a more profound decrease of CAT than of SOD. 25, 33) While the CAT protein was destroyed by UV irradiation, SOD was unaffected 25) and even induced by repeated exposure to UVB. 34) These results suggests that skin SOD and CAT activities are not coordinately regulated by UV irradiation.
Reports have shown that some antioxidant formulations could preserve CAT activity and GSH content, whereby they exerted photoprotective actions. 35, 36) Topical application of FDP also significantly ameliorated UV-induced depletion of cutaneous antioxidant components (Figs. 2, 3 ). Interestingly, CAT activity and GSH content were increased by FDP treatment even in the absence of UV irradiation. Thus, it is likely that FDP induces an increase of GSH and CAT and thus prevents excessive depletion of antioxidant capacity during UVB exposure. Several mechanisms could affect the reduction of antioxidant content by UV irradiation: (i) direct absorbance of light, (ii) interaction with ROS generated by UV light, and (iii) antioxidant recycling mechanisms, whereby one antioxidant can be spared at the expense of another. 25) In this regard, it is note worthy that FDP might up-regulate the pentose phosphate pathway (PPP), possibly by inhibiting phosphofructokinase. [37] [38] [39] It is well-documented that the PPP plays an important role in cellular redox regulation by providing NADPH, which is a critical modulator of redox potential in all cell types. 40) NADPH is used for the regeneration of glutathione and also is required for the formation of active CAT tetramers. 41) Thus, it is highly plausible that FDP prevents UVB-induced depletion of antioxidative capability, at least in part by enhancing the PPP.
It was reported that UV-irradiation caused the decrease of CAT protein in mouse skin. 25) However, the mechanism by which the expression of CAT protein is regulated by ROS is not precisely known. In this study, we found that topical application of FDP reversed the UV-induced loss of CAT protein and even increased the level of CAT protein in the absence of UVB irradiation. There could be several mechanisms underlying the effects of FDP on CAT protein including transcriptional and/or posttranscriptional regulation. Recently, it was reported that ROS downregulate the expression of CAT in mesangial cells by PI3 kinase/Akt signaling pathway. 42) In a separate experiment, we also observed that FDP decreased UVB-induced Akt-phosphorylation in HaCaT keratinocytes (data are not shown). Thus, it is plausible that FDP reduces the degradation of catalase by blocking UVB-induced activation of Akt signaling in the skin. This possibility needs to be explored as one of the possible mechanisms for FDP effects.
Antioxidant enzyme systems function cooperatively and any change in one system can affect the equilibrium state of ROS or oxidative stress. Thus, when ROS are not scavenged in a biological system, they can cause cellular damage and other biochemical alterations such as inflammation, lipid and protein oxidation, DNA damage, and the activation or inactivation of certain enzymes. 4, 6) Therefore, prevention of UVBinduced depletion of antioxidant defenses would provide a useful approach to protect UVB-induced photo-damage. UVB-induced protein oxidation has been regarded as one of the detrimental factors in skin disorders. [26] [27] [28] In this study, we also observed the increased protein oxidation in the skin upon multiple UV exposures (Fig. 4) . Thus, it could be expected that the inhibition of UVB-induced protein oxidation by FDP would result in the reduction of skin photo-damage. Indeed, UVB-induced formation of protein carbonyls, a marker of oxidative stress in the skin, was significantly inhibited by the treatment of FDP. To our knowledge, this is the first report that FDP inhibits UVB-induced protein carbonyl formation in mouse skin in vivo. Despite of its in vivo effects, FDP could not prevent H 2 O 2 -induced carbonyl formation in mouse skin extracts in vitro (Fig. 5) . Recently, we showed that FDP reduced the UVB-induced increase in cellular ROS levels, although it did not display radical scavenging effect in an experiment using 1,1-diphenyl-2-picrylhydrazyl (DPPH), indicating that its antioxidant effect was not due to direct radical scavenging. 13) Protein oxidation could be prevented by activating or enhancing the antioxidative defenses of the skin or by activating repair or proteolytic enzymes that repair or degrade damaged proteins. 26) Thus, as discussed above, it is likely that FDP prevents protein oxidation, at least in part by enhancing the PPP.
In conclusion, this in vivo study provides evidence that FDP penetrates the skin and has the potential to attenuate UVB-induced oxidative stress. Thus, the use of FDP may be beneficial in protecting against cutaneous disorders such as inflammatory reactions, photo-aging, photo-dermatoses, and photo-carcinogenesis in humans.
